Background: Diabetes mellitus is a possible risk factor for the development of idiopathic pulmonary fibrosis (IPF), yet the effect of antidiabetic therapy on the course of IPF is unknown. Objectives: This post hoc analysis assessed the effect of metformin on clinically relevant outcomes in patients with IPF. Methods: For the primary analysis, patients randomized to placebo (n = 624) in 3 phase 3, double-blind, controlled trials of pirfenidone (CAPACITY [NCT00287716 and NCT00287729]; ASCEND [NCT01366209]) were categorized by baseline metformin use. The primary outcome was disease progression (forced vital capacity [FVC] decline ≥10%, 6-min walking distance [6MWD] decline ≥50 m, or death). Other outcomes included mortality, hospitalization, FVC decline (≥10 and ≥5%), and 6MWD decline. Outcomes were also assessed in patients with diabetes and/or hyperglycemia (impaired glucose tolerance [IGT] and diabetes population [IGT-diabetes population]) and all patients included in the 3 studies (intention-to-treat [ITT] population). Results: Overall, 71 (11.4%) patients were metformin users and 553 (88.6%) were nonmetformin users. Baseline data were similar between groups, except for a higher percentage of males (84.5 vs. 73.2%) and a history of diabetes (98.6 vs. 11.6%) in metformin users versus nonmetformin users. The unadjusted 1-year analyses demonstrated no significant differences in disease progression or other outcomes. A higher proportion of metformin users compared with nonmetformin users had a relative FVC decline of ≥5% (63.4 vs. 50.6%, p = 0.043). Results were similar for the IGT-diabetes population and for the ITT population. Multivariable analyses yielded similar results. Conclusions: Metformin has no effect on clinically relevant outcomes in patients with IPF.
Introduction
Idiopathic pulmonary fibrosis (IPF) is a progressive, irreversible, ultimately fatal, fibrosing lung disease [1, 2] that is associated with a poor prognosis [3] , reduced health-related quality of life [4, 5] , and a number of debilitating symptoms, including shortness of breath, cough, and exercise limitation [5, 6] . Antifibrotic treatment reduces disease progression in patients with IPF, and 2 drugs, pirfenidone and nintedanib, are approved in the European Union and United States for the treatment of IPF based on data from large randomized clinical trials [7] [8] [9] [10] [11] [12] [13] . Despite the approval of pirfenidone and nintedanib, IPF will ultimately progress in all patients and, as a result, more effective treatments are still required [14] .
The etiology and pathophysiology of IPF are not yet fully understood, but evidence suggests that comorbid conditions influence the clinical course of the disease. For example, comorbid lung cancer and arteriosclerosis negatively impact survival in IPF, whereas gastroesophageal reflux disease and diastolic dysfunction have been reported to have a possible positive effect [15] . Diabetes mellitus is another common comorbidity in IPF, occurring in 10-33% of patients [16] . Diabetes has been considered as a possible risk factor for the development or progression of IPF [17, 18] ; there is a significant association between the etiology of IPF and factors relating to diabetes, the strongest being an increased risk of IPF in patients treated with insulin [19] . However, it should be noted that steroids, which were commonly used as a treatment for IPF before the introduction of antifibrotic agents, could have contributed to the development of diabetes in patients with IPF and may account, in part, for a potential link between IPF and diabetes [20] . Interestingly, recent metabolomic data have linked alterations in glucose metabolic pathways to structural remodeling of the lungs in patients with IPF [21] , providing a potential mechanism by which diabetes could contribute to the pathogenesis of IPF.
Metformin is a commonly used oral antidiabetic medication with a wide range of effects on cellular biology [22] . Preclinical studies have suggested that metformin has antifibrotic and anti-inflammatory effects [23] [24] [25] . Metformin has been found to attenuate lung fibrosis by inhibiting transforming growth factor-beta (TGF-β) via adenosine monophosphate-activated protein kinase (AMPK) activation [26, 27] .
Given that many patients with IPF have comorbid diabetes, it is important to understand the effects of antidiabetic medication on the clinical course of IPF. The potential antifibrotic and anti-inflammatory properties of metformin may be of particular benefit in patients with IPF. The aim of this post hoc analysis was to investigate the effect of metformin on mortality, disease progression, and other clinically relevant outcomes in patients with IPF enrolled in 3 large phase 3 clinical trials of pirfenidone, who were prescribed metformin for comorbid diabetes.
Methods

Patients
This post hoc analysis collected data from 3 phase 3, controlled, double-blind trials of pirfenidone in IPF: CAPACITY (Studies 004 and 006; NCT00287716 and NCT00287729) [8] and ASCEND (Study 016; NCT01366209) [7] .
Data were collated and pooled from the placebo arms of the 3 studies and categorized based on baseline metformin use (yes/no). These patients formed the primary analysis population (placebo population) for determining the effects of metformin in patients with IPF. From this population, a subgroup of patients with a history of diabetes mellitus and/or hyperglycemia was identified (impaired glucose tolerance [IGT] and diabetes population [IGT-diabetes population]) to investigate the effects of metformin in patients with IPF who also have diabetes. Following the definitions specified by the American Diabetes Association, patients with increased plasma glucose levels (100-125 mg/dL) were defined as patients with IGT, and patients with plasma glucose levels ≥126 mg/dL were defined as patients with diabetes [28] . Both groups were summarized as an IGT and diabetes population (IGTdiabetes population) and used for further analysis. Data were also collated for all patients included in the 3 studies (placebo and pirfenidone treatment arms; the intention-to-treat [ITT] population) to compare with the placebo group in order to confirm any observed effects of metformin in the wider IPF population.
Patient enrollment took place from April 2006 to November 2008 for CAPACITY and from July 2011 to January 2013 for AS-CEND [7, 8] . Eligibility criteria for the CAPACITY and ASCEND studies have been described previously [7, 8] . In brief, patients were aged between 40 and 80 years with a diagnosis of IPF confirmed by high-resolution computed tomography alone or highresolution computed tomography plus surgical lung biopsy, percent predicted forced vital capacity (FVC) ≥50% (and ≤90% in ASCEND), percent predicted diffusing capacity of the lung for carbon monoxide (DLco) ≥35% (≥30 and ≤90% in ASCEND), and 6-min walking distance (6MWD) ≥150 m. Exclusion criteria included obstructive lung disease, clinically significant concomitant diseases, unstable IPF, active infection, and malignancy; patients with poorly controlled diabetes (glycated hemoglobin [HbA 1c ] > 10%) were also excluded in CAPACITY. CAPACITY and AS-CEND were conducted in accordance with the International Con-DOI: 10.1159/000489668 ference on Harmonisation Guidelines, the Declaration of Helsinki, and the relevant local legal and regulatory requirements of the countries the trials were conducted in. Written, informed consent was obtained from patients before screening, and the study protocols were approved by the Institutional Review Board or Ethics Committee at each participating center.
Assessments
The primary composite outcome in this analysis was disease progression (defined as FVC decline ≥10%, 6MWD decline ≥50 m, or death from any cause). Other outcomes analyzed were all-cause and IPF-related mortality, all-cause hospitalization, infection-related hospitalization, absolute and relative FVC decline (≥10 and ≥5%), and 6MWD decline ≥50 m. All outcomes were evaluated throughout 1 year.
Statistical Analysis
The primary analysis was study outcomes for metformin users compared with nonmetformin users in the placebo population. The subgroup analysis investigated outcomes in patients with diabetes or hyperglycemia at baseline based on medical history (IGT-diabetes population) comparing metformin users with nonmetformin users. The ITT analysis compared outcomes in all patients with IPF (placebo and treatment arms) stratified by metformin use.
Demographic and baseline characteristics, including age, sex, lung function, medical history, and cardiovascular risk factors, were compared between baseline users and nonusers of metformin using an independent samples t test for continuous variables and a χ 2 test for categorical variables. Unadjusted risks of binary study outcomes and changes from baseline in FVC and 6MWD were compared between baseline users and nonusers of metformin using an independent samples t test or a χ 2 test. In addition, binary study outcomes were compared within a bivariate and multivariable framework, using Cox proportional hazards models. Patients were censored at the time of loss to follow-up, at the time of lung transplantation, or at the end of the 1-year follow-up period, whichever occurred first.
In multivariable models, the impact of metformin use on study outcomes was adjusted for demographic and baseline characteristics, including age, sex, lung function, medical history, cardiovascular risk factors, infection history, and use of nonmetformin antidiabetic drugs. The presence of multicollinearity, hazards assumptions, and treating death as a competing risk were evaluated using published methods [29, 30] .
SAS v.9.3 for Windows was used for all statistical analyses. Only observed data were employed (i.e., missing values were not imputed).
Results
Patients
In this post hoc analysis, 624 patients were included in the placebo population: 71 (11.4%) were metformin users at baseline, and 553 (88.6%) were nonmetformin users. The median (min., max.) duration of metformin use prior to inclusion in this post hoc analysis was 860 (1, 5, 853) days. Baseline data were similar between groups, except for a higher percentage of males (84.5 vs. 73.2%) and a higher prevalence of a history of diabetes (98.6 vs. 11.6%) in metformin users than in nonmetformin users. Prior use of steroids was seen in 53.5% of metformin users and in 62.9% of nonmetformin users (p = 0.124). A total of 9.9% of metformin users and 11.9% of nonmetformin users were reported to have used acetylcysteine (p = 0.608; Table 1 ). The mean (standard deviation) duration of follow-up was 352.7 (52.2) days in patients who received metformin and 342.9 (66.7) days in those who did not.
In total, 369 patients had a history of diabetes (n = 132) or hyperglycemia (n = 237) at baseline (IGT-diabetes population); 70 (19.0%) were metformin users at baseline and 299 (81.0%) were nonmetformin users. Baseline data were similar between groups, except for a higher prevalence of diabetes in metformin users (70/70, 100.0%) than in nonmetformin users (62/299, 20.7%). The mean (standard deviation) baseline glucose level was 141.14 (52.73) in metformin users and 111.34 (41.13) in nonmetformin users.
In addition, a total of 1,247 patients were included in the ITT population (placebo and treatment arms combined), assessed from both placebo and pirfenidone arms, and stratified by metformin use: 149 (11.9%) were metformin users at baseline, and 1,098 (88.1%) were nonmetformin users. Baseline data were similar between groups.
Efficacy
In unadjusted 1-year analyses of the placebo population, the incidence of disease progression (primary composite endpoint) was not statistically different between metformin users and nonmetformin users (40.8 vs. 40.9%, p = 0.997) ( Table 2 ). There were also no statistically significant differences between groups for all-cause or IPFrelated mortality, all-cause hospitalization, 6MWD decline ≥50 m, and infection-related hospitalization.
Categorical changes in FVC (relative and absolute decreases in FVC of ≥10% and an absolute decrease in FVC of ≥5%) were not significantly different between the 2 analysis groups. However, there was a tendency for more patients in the metformin users group to have a relative ≥10% decline in FVC and an absolute ≥5% decline in FVC than in the nonmetformin users group (p = 0.055 and p = 0.078, respectively). The relative decrease in FVC of ≥5% was statistically significant and occurred in more patients in the metformin users group than in the nonmetformin users group (63.4 vs. 50.6%, p = 0.043) ( 6MWD, 6-min walking distance; BMI, body mass index; CHD, coronary heart disease; COPD, chronic obstructive pulmonary disease; CRF, chronic renal failure; CVD, cardiovascular disease; DLco, diffusing capacity of the lung for carbon monoxide; FVC, forced vital capacity; HRQoL, health-related quality of life; IQR, interquartile range; NAC, acetylcysteine; SD, standard deviation; UCSD-SOBQ, University of California San Diego Shortness of Breath Questionnaire. a Out of a total maximum score of 120, with higher score reflecting more severe shortness of breath. b Thyroid-related conditions include hyperparathyroid disorders, congenital thyroid disorders, hypothyroidism, hyperthyroidism and thyroid therapeutic procedures, and other specified disorders of thyroid for nonmetformin users. Thyroid-related conditions include hypothyroidism and other specified disorders of thyroid for metformin users. c Based on medical history file; timing of infection unknown. d Based on any evidence prior to randomization. Patients may not have been receiving these medications at baseline (e.g., 11 patients in the nonmetformin user group had previously taken metformin but were not receiving metformin at randomization). e Two-thirds of patients received NAC prior to baseline randomization and one-third of patients received NAC after baseline randomization. Information on drug dose is limited.
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Results were similar for the IGT-diabetes population (online suppl. Table 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000489668) and in the ITT population (online suppl. Table 2) . No significant differences between metformin users and nonmetformin users were observed in either the primary composite endpoint or all-cause mortality when compared within a bivariate and multivariable framework ( Fig. 1) . Results were largely similar in analyses of other endpoints (Fig. 1) , the IGT-diabetes population (online suppl. Table 3 ), and the ITT population (online suppl. Table 4 ).
Discussion
In this post hoc analysis, metformin did not show any significant effect on clinically relevant outcomes in patients with IPF who received placebo in 3 phase 3 studies.
This was irrespective of a medical history of diabetes mellitus or hyperglycemia at baseline and was confirmed in the ITT population who received either pirfenidone or placebo. The only exception was in the placebo population, where there were tendencies for more patients in the metformin users group to have a relative ≥5% decline in FVC than in the nonmetformin users group (p = 0.043). The tendency for more metformin users to have a relative ≥10% decline in FVC and an absolute ≥5% decline in FVC when compared with the nonmetformin users did not quite achieve significance. Indeed, there was only one isolated statistical difference in this post hoc analysis, and it is possible that this was due to chance following multiple testing procedures and, therefore, does not necessarily imply clinical significance.
Although there are few studies on the association between diabetes and IPF, those that have been conducted suggest that the presence of diabetes has a negative effect on IPF, both in terms of development and progression of 6MWD, 6-min walking distance; FVC, forced vital capacity; IPF, idiopathic pulmonary fibrosis; SD, standard deviation. a Primary composite outcome: FVC decrease ≥10%, 6MWD decrease ≥50 m, or death; only confirmed cases included, defined as those for which follow-up assessment was repeated ≥6 weeks following initial assessment and criteria for outcome were met. b All patients were considered in the analyses, unless otherwise noted. c Only the first event was considered in the analyses. d Missing data were not imputed except for the 1 measure of FVC change, which was imputed using the clinical trial methodology. the disease. Previous studies have suggested that patients with diabetes have significant reductions in pulmonary function parameters (FVC, DLco, and forced expiratory volume in 1 s) compared with nondiabetic controls and show histological changes and radiological changes (increased lung computed tomography score) associated with pulmonary fibrosis [18, 31, 32] . Additionally, patients with IPF and a history of diabetes were shown to have an increased risk of mortality [33] .
The results of our analysis suggest that metformin has no effect on the clinical course of IPF. This contrasts somewhat with preclinical evidence from the literature, which suggests an antifibrotic, anti-inflammatory, and cell-protective effect of metformin in pulmonary fibrosis. Metformin was found to reduce radiological and histological signs of fibrosis, inflammatory cell infiltration, and alterations to alveolar structures, resulting in cellprotective effects from radiation-induced pulmonary injury in a mouse model [34] . In addition, 2 studies in bleomycin-induced lung fibrosis mouse models have shown that metformin exerts antifibrotic and anti-inflammatory effects [26, 35] . The first study showed that metformin inhibited TGF-β-induced myofibroblast differentiation in lung fibroblasts via activation of AMPK [26] . In the other study, metformin was also shown to inhibit TGF-βinduced myofibroblast differentiation, thereby reducing the proportion of inflammatory cells in bronchoalveolar lavage fluid and reducing inflammation on histological examination of the lung tissue [35] .
It is also possible that metformin exerts antifibrotic properties by ameliorating impaired autophagy (by activating AMPK, which in turn leads to enhanced autophagy and metabolic reprogramming, both of which have potential benefit in the context of aging-associated fibrosis) [27, 36, 37] , and as some studies have linked IPF with impaired autophagic processes [38, 39] , we might expect metformin to have an effect on IPF outcomes. However, further research is needed to determine the link between autophagy and the molecular mechanisms of fibrogenesis in IPF.
Interestingly, a recent metabolomic study has found that glycolysis and gluconeogenesis are altered in the lungs of patients with IPF [21] , providing a possible mechanism by which diabetes could promote the development of IPF. Antidiabetic drugs might, therefore, be expected to have a beneficial effect on outcomes in IPF via an effect on glucose metabolism; however, we could not confirm this in the current analysis with metformin. Metformin reduces blood glucose levels mainly by inhibiting hepatic gluconeogenesis and increasing insulin sensitiv-ity [40] and, therefore, may not target the pathways implicated in IPF pathogenesis by Zhao et al. [21] . Thus, further research is required to determine whether other antidiabetic drugs with different glucose metabolic targets could be beneficial for patients with IPF and diabetes.
This analysis had several limitations, including its post hoc nature and the small number of metformin users in CAPACITY and ASCEND. Furthermore, a formal power analysis was not conducted, and thus it is possible that the study was not powered adequately to address all questions of interest. Patients with advanced IPF and/or considerable comorbidities were excluded from CAPACITY and ASCEND, and the studies only included patients with FVC ≥50%, DLco ≥35% (≥30% in ASCEND), and 6MWD ≥150 m at baseline. Therefore, the results cannot necessarily be generalized to the broader population of patients seen in clinical practice. Similarly, although patients (IGT-diabetes population) were identified as having or not having diabetes, this was based on medical history (and not on specific tests performed at the time of enrollment), and, therefore, the diagnosis was unclear. However, patients with elevated blood glucose also have an increased risk of diabetes and diabetes-associated diseases [41] . Furthermore, there was no assessment of diabetes control (HbA 1c ) at baseline, and it is possible that patients with well-controlled diabetes might have exhibited different results from those with unstable glycemia (although it should be noted that patients with HbA 1c > 10% were excluded from CAPACITY). Incidentally, due to the limited data collected, it was not possible to address other questions of interest (for example, whether there was evidence for a link between diabetes and IPF). Additionally, some patients had received metformin treatment for a very limited duration at the time a baseline history was taken and, therefore, may not have derived the full benefit of treatment. Moreover, as mechanistic linkage between metformin and IPF disease progression cannot be determined, it remains uncertain whether metformin might also have harmful effects on patients with IPF. It is possible, for example, that metformin may impact directly on lung fibrosis or have an interaction with antifibrotics. With regard to this particular study, it should also be noted that diabetic patients in the nonmetformin users group were being treated with different antidiabetic medications, and it is possible that the effects of metformin on disease progression through improvement of glucose metabolism may have been diluted by other antidiabetic medications. Furthermore, patients may have been taking medications that had a positive effect on outcomes, such as statins, which may be more commonly used in Respiration 2018;96:314-322 DOI: 10.1159/000489668 patients with diabetes compared with nondiabetic patients [42] . Finally, a minority of patients had prior use of acetylcysteine, which could have had an effect on outcomes; however, the data are insufficient to investigate a systematic effect of acetylcysteine use for metformin users versus nonmetformin users.
In conclusion, this post hoc analysis found that patients with IPF with baseline metformin use had comparable clinical outcomes with patients who did not have baseline metformin use, irrespective of the presence of a history of comorbid diabetes. This finding was also observed when patients with IPF who received antifibrotic therapy were included. Our results suggest that metformin may have no effect on clinically relevant outcomes in patients with IPF; however, this study had various limitations which could have impacted on the results. Further research is needed to understand the role of diabetes in IPF and any potential impact of the comorbidity and its treatment on IPF disease outcomes.
